Gene therapy is an attractive tool for the treatment of monogenic disorders, in particular for lysosomal storage diseases (LSD) caused by deficiencies in secretable lysosomal enzymes in which neither full restoration of normal enzymatic activity nor transduction of all affected cells are necessary. However, some LSD such as Mucopolysaccharidosis Type IIIB (MPSIIIB) are challenging because the disease's main target organ is the brain and enzymes do not efficiently cross the blood-brain barrier even if present at very high concentration in circulation. To overcome these limitations, we delivered AAV9 vectors encoding for α-N-acetylglucosaminidase (NAGLU) to the Cerebrospinal Fluid (CSF) of MPSIIIB mice with the disease already detectable at biochemical, histological and functional level. Restoration of enzymatic activity in Central Nervous System (CNS) resulted in normalization of glycosaminoglycan content and lysosomal physiology, resolved neuroinflammation and restored the pattern of gene expression in brain similar to that of healthy animals. Additionally, transduction of the liver due to passage of vectors to the circulation led to whole-body disease correction. Treated animals also showed reversal of behavioural deficits and extended lifespan. Importantly, when the levels of enzymatic activity were monitored in the CSF of dogs following administration of canine NAGLU-coding vectors to animals that were either naïve or had pre-existing immunity against AAV9, similar levels of activity were achieved, suggesting that CNS efficacy would not be compromised in patients seropositive for AAV9. Our studies provide a strong rationale for the clinical development of this novel therapeutic approach as the treatment for MPSIIIB.
Introduction
Mucopolysaccharidosis Type IIIB (MPSIIIB) or Sanfilippo syndrome Type B is an autosomal recessive Lysosomal Storage Disease (LSD) caused by insufficient activity of α-N-acetylglucosaminidase (NAGLU), one of the enzymes responsible for the lysosomal catabolism of the glycosaminoglycan (GAG) heparan sulphate (HS) (1) . In most cases (∼60%), the deficiency is caused by missense mutations affecting the catalytic site of the enzyme, resulting in the production of non-active proteins (2) . Small deletions/insertions, nonsense and splice site mutations have also been described in MPSIIIB patients (2, 3) . The lack of adequate levels of enzymatic activity leads to the build-up of HS in lysosomes, and to secondary lysosomal dysfunction (4) . As a result of lysosomal pathology, cellular dysfunction and, eventually cell death occurs, affecting mostly the Central Nervous System (CNS) with additional peripheral tissue involvement (5, 6) .
After an asymptomatic period during the first few months of life, MPSIIIB patients generally manifest the disease with delayed intellectual development. The following phase is characterized by abnormal behaviour, sleep disturbances and neurocognitive decline associated with gradual speech loss (7) . By the time the disease advances to the development of dementia, behavioural alterations disappear, but motor functions progressively decline and eventually result in complete loss of locomotion and dysphagia among other symptoms (8, 9) . The spectrum of somatic manifestations of MPSIIIB is broad and includes recurrent ear and respiratory tract infections, alterations of the digestive system with episodes of diarrhoea, skeletal abnormalities and mild hepatosplenomegaly (8, 10) . Death generally occurs during the second or third decade of life (7, 11) , although less severe forms of the disease have a slower progression and longer life expectancy (9, 12) .
At present there are no drugs approved to treat MPSIIIB, and the clinical management of the disease is based on symptomatic and palliative treatments. Most therapeutic strategies under development are relying on cross-correction, based on the premise that NAGLU undergoes N-glycosylation of asparagine residues with mannose-6-phosphate (M6P) (13) , which mediates uptake of the enzyme via M6P receptors located on the plasmatic membrane (14) .
Enzyme replacement therapies (ERT) (15, 16) and in vivo gene therapy approaches (ISRCTN19853672, www.controlled-trials. com) (17) (18) (19) have been proposed as treatments for MPSIIIB. ERT consists in the periodic administration of recombinant NAGLU (15) ; however, as exogenously infused proteins do not easily cross the blood-brain barrier (BBB), the treatment of the CNS pathology with ERT would require the implantation of intrathecal devices to infuse the therapeutic protein directly in the cerebrospinal fluid (CSF).
Gene therapy can potentially overcome the limitations posed by the BBB and the short half-life of proteins by providing a continuous source of missing enzyme within the CNS. Promising results have been obtained using adeno-associated viral (AAV) vectors administered directly into the brain parenchyma, however, due to limited diffusion from the site of administration, to achieve widespread CNS transduction the vector has to be injected at multiple locations, complicating the surgical procedure (20, 21) . In the context of MPSIIIB, direct intraparenchymal injection of AAV serotype 5 vectors has demonstrated efficacy in small and large animal models of the disease (17, 22) , and a clinical trial using this strategy has recently been initiated in MPSIIIB patients (ISRCTN19853672, www.controlled-trials.com). Aside from the highly invasive vector delivery method, this approach suffers from obvious limitations associated with the impossibility to reach deeper areas of the encephalon and the lack of correction of peripheral disease.
Alternative gene therapy approaches to transduce the CNS take advantage of the properties of AAV9, a serotype with broad biodistribution capable of crossing the BBB when delivered to the bloodstream at high doses, resulting in the transduction of brain, as well as of liver, heart and, to a lesser extent, other organs (23, 24) . This strategy has been tested in preclinical models of MPSIIIB leading to correction of the neurological and systemic pathology (18) . While these results are promising, large amounts of vector delivered systemically require considerable manufacturing efforts and may be associated with significant toxicities. Furthermore, transduction of brain via this route of administration is expected to be less efficient in large animals and humans compared with mice.
To address these important limitations, we and others have recently shown that it is possible to achieve widespread transduction of the CNS of small and large animals by administering AAV9 vectors directly into the CSF (25, 26) . AAV9 outperformed all other serotypes tested, and distributed from the most rostral to the most caudal portions of the encephalon and down the spinal cord up to the cauda equina, leading to expression of the transgene in all key CNS structures (25) . Co-localization studies in dog brain samples using double-immunostainings with specific markers indicated that AAV9 transduced mostly neurons, with scarce transduction of astrocytes and no transduction of microglia (25) . Finally, AAV9 administration to the CSF also resulted in transduction of peripheral organs, mostly the liver, due to vector passage to the circulation (25, 26) . This technique carries several advantages, including the use of a less invasive route of administration compared with intraparenchymal vector delivery and the need for lower vector doses compared with systemic vector administration. In the present work, we demonstrate the efficacy of intra-CSF delivery of AAV9-Naglu vectors in correcting neurological and somatic MPSIIIB disease, providing strong evidence of the therapeutic potential of this approach for the treatment of this disease and other LSDs that present with CNS and peripheral involvement.
Results

MPSIIIB mice have established disease at 2 months of age
We used a knock-out mouse model of MPSIIIB that closely recapitulates the pathological and clinical features of human disease (27) (28) (29) . This model completely lacks NAGLU activity (Supplementary Material, Fig. S1A-C) , and has been extensively used to study the pathogenesis of MPSIIIB (27, 28, (30) (31) (32) (33) (34) (35) and to test therapeutic approaches (18, 22, 29, (36) (37) (38) (39) (40) (41) (42) . We chose to treat 2-month-old animals in order to mimic the clinical setting in which diagnoses arrives after GAG build-up has already caused appearance of symptoms. At 2 months of age, untreated MPSIIIB mice show considerable accumulation of GAGs in brain (40-110% over healthy WT levels, Supplementary Material, Fig. S1D ), which leads to the enlargement of the lysosomal compartment (Supplementary Material, Fig. S1F ) and causes a neuroinflammatory response with astrocytosis and microgliosis (Supplementary Material, Fig. S1G ) similar to that described in human MPSIIIB (5, 28, 33) . GAG storage is also increased in peripheral tissues (Supplementary Material, Fig. S1E ), in particular in liver, where GAG levels are 6-folds higher than in healthy animals and the size of the lysosomal compartment is markedly increased (Supplementary Material, Fig. S1H ). Furthermore, MPSIIIB mice are more prone to suffer from anxiety Intra-CSF delivery of AAV9-Naglu results in increased NAGLU activity and normalized GAG content in the CNS of MPSIIIB mice
We previously demonstrated that delivery of AAV9 vectors encoding sulphamidase to the CSF results in correction of MPSIIIA (25) . To test the therapeutic potential of this approach in the context of MPSIIIB disease, we delivered 3 × 10 10 vg/mouse of AAV9 vectors carrying a codon-optimized version of murine Naglucoding sequence under the control of the chicken β-actin/CMV enhancer (CAG) ubiquitous promoter (AAV9-Naglu) to the cisterna magna of 2-month-old male and female MPSIIIB mice. Animals were sacrificed after 3 months of follow-up, i.e. at 5 months of age. In agreement with the comparable vector gene copy numbers documented throughout the CNS for both genders (Supplementary Material, Table S1 ), intra-CSF administration of AAV9-Naglu vectors resulted in high levels of NAGLU activity, ranging from 400 to 800% of values observed in healthy littermates, throughout the encephalon of MPSIIIB males (Fig. 1A) and females (Supplementary Material, Fig. S3A ). Despite these high levels, no sign of overexpression-associated toxicity was observed in any part of the encephalon (Supplementary Material, Fig. S4 ). NAGLU activity remained undetectable, however, in untreated animals or in MPSIIIB mice that received noncoding AAV9 vector (AAV9-Null) used as control ( Fig. 1A and Supplementary Material, Vector-derived NAGLU transgene expression led to complete normalization of GAG content in all CNS regions analysed, with AAV9-Naglu-treated MPSIIIB males and females showing similar levels of brain GAGs as wild-type controls (Fig. 1B and Supplementary Material, Fig. S3B ), which represented a considerable reduction from GAG levels measured in untreated or Null-treated MPSIIIB mice (Fig. 1B and Supplementary Material, Fig. S3B ).
Gene therapy restores normal size and function of CNS lysosomal compartment in MPSIIIB mice
Immunostaining of sections of the encephalon with an antibody directed against LIMP2, a protein integral to the lysosomal membrane commonly used as marker of these organelles (44, 45) , showed a remarkable decrease in signal intensity in treated MPSIIIB males and females in all CNS regions analysed, suggesting a reduction in the number and/or size of intracellular lysosomes ( Fig. 2 and Supplementary Material, Fig. S6 ). These results were confirmed by ultrastructural analysis of the frontal cortex and cerebellum by transmission electron microscopy (TEM). Perineuronal glial cells of the cortex of untreated male and female MPSIIIB mice presented large electroluscent vacuoles that likely corresponded to lysosomes loaded with undegraded HS and other compounds (Fig. 3A and Supplementary Material, Results are shown as mean ± SEM of n = 5 animals/group. WT NAGLU activity was set to 100%, which corresponded to 0.93 ± 0.04, 0.79 ± 0.02, 1.00 ± 0.03, 0.97 ± 0.04 and 1.07 ± 0.04 nmol/h/mg protein for sections I-V, respectively. *P < 0.05, **P < 0.01 and ***P < 0.001 versus AAV9-Null. ND, non-detectable. In cerebellum, few but very large vacuoles were observed in somas of Purkinje neurons of untreated MPSIIIB animals, which were drastically reduced in size after AAV9-Naglu treatment ( In LSD, the activity of several lysosomal enzymes aside from that directly affected by the inherited mutation can be altered secondary to perturbation of normal lysosomal homeostasis (46) . We observed that in the brain of untreated or Null-treated male and female MPSIIIB mice aged 5 months, the activities of N-sulphoglucosamine sulphohydrolase (SGSH), β-glucuronidase (GUSB) and β-hexosaminidase (HEXB) were significantly increased ( Fig. 3B and Supplementary Material, Fig. S7B ). Consistent with the reduction in GAG storage observed 3 months after Histograms on the right represent the quantification of the percentage of LIMP2+ area in each region for each treatment group. Data are shown as mean ± SEM, n = 2-3 animals/group. *P < 0.05, **P < 0.01 and ***P < 0.001 versus AAV9-Null. intra-CSF delivery of AAV9-Naglu vectors, the activity of brain SGSH, GUSB and HEXB returned to healthy wild-type levels in both genders ( Fig. 3B and Supplementary Material, Fig. S7B ).
Then we studied, by confocal analysis in cerebellum sections, the subcellular localization of Transcription Factor EB (TFEB), a master regulator of lysosomal biogenesis and function (46) . In untreated MPSIIIB mice, TFEB clearly localized to the nucleus of Purkinje neurons (Fig. 3C) suggesting activation of an adaptive cellular response that attempts to compensate excessive GAG storage by boosting lysosomal function (47) . In AAV9-Naglu-treated mice, TFEB was barely detectable in the nucleus (Fig. 3C) . Altogether, these results indicated that NAGLU gene transfer was capable of completely reversing secondary lysosomal pathology in the brain.
Gene transfer with AAV9-Naglu corrects neuroinflammation in MPSIIIB mice
Neuroinflammation characterized by astrocytosis and microgliosis is a hallmark in MPSIIIB-affected animal models (28, 33) and humans (5, 6) . Mouse brain sections were stained with an antibody specific for GFAP and with BSI-B4 lectin. GFAP is an astrocytic protein that is strongly upregulated upon activation of this cell type (48) , and BSI-B4 has been reported to recognize α--galactose residues present on resting and activated microglia (49) but under our experimental condition preferentially labels amoeboid activated microglia (25, 45, 50) . Both markers are commonly used to detect astrocytosis and microgliosis, respectively (26, 44) . At 5 months of age, AAV9-Null-treated MPSIIIB animals showed strong GFAP staining in different brain areas, with particularly intense signal in cortex, superior colliculus and thalamus ( 
AAV9-Naglu gene therapy normalizes the CNS gene expression profile
To further assess the efficacy of intra-CSF AAV9-Naglu gene therapy, we performed a gene expression profiling study using the Affimetrix ® microarray platform on total RNA isolated from WT and AAV9-Naglu or AAV9-Null-treated MPSIIIB encephalon. After data processing and filtering, 94 genes were found to be differentially expressed among the three groups. The complete list of genes, as well as their fold-change with respect to the wild-type, is provided in Supplementary Material, Table S2 . When Gene Ontology (GO) enrichment analysis was used to classify differentially expressed genes by biological process, 67 of the 94 genes were annotated with corresponding ontologies (Fig. 5B ). Of these, the vast majority were associated with inflammation and innate immunity or functions that can be attributed to cells involved in these processes. To confirm this observation, we used Cell Type Enrichment (CTEN) analysis to assess the contribution of different cell types to the observed changes in transcript levels. This software considers there is enrichment of a specific cell type if a softwaredefined score is greater than 2. The highest score for our data set was obtained for microglial cells (score = 60), a result in agreement with the important role attributed to microglia in neurodegenerative diseases and in MPSIII (28, (51) (52) (53) (54) . When the effect of intra-CSF delivery of AAV9-Naglu vectors was evaluated, a striking change in the profile of gene expression with respect to AAV9-Null-injected animals was observed. Three months after vector administration, the vast majority of genes in treated MPSIIIB mice had transcript levels that resembled those of healthy littermates (Fig. 5A ). Almost 90% of the genes differentially expressed in untreated MPSIIIB mice showed a correction in their transcript levels of at least 50% following AAV9-Naglu treatment and in 60% of them the correction was of 75%. Similar or slightly higher degrees of normalization in transcript levels were observed when the set of genes that the CTEN software had assigned to microglia was analysed separately (Fig. 5C ). This observation supports the idea that microglia is largely responsible for the profile of gene expression observed in MPSIIIB and is in agreement with the complete reversal of microgliosis documented in treated animals ( 
Delivery of NAGLU-coding vectors to the CSF of MPSIIIB mice results in correction of somatic pathology
Administration of AAV9 vectors to the CSF of mice and large animals results in liver transduction (25) . Indeed, AAV9-Naglu vector genomes were detected in different lobes of the liver of injected mice (Supplementary Material, Table S1 ). Low but detectable copy numbers were documented in spleen and draining lymph nodes with minimal vector dissemination to other organs (Supplementary Material, Table S1 ). Importantly, no major differences were observed between AAV9-Naglu-injected wild-type and MPSIIIB mice (Supplementary Material, Table S1 ), suggesting that the underlying pathology does not affect peripheral vector distribution. As a consequence of vector spreading to the liver, hepatic NAGLU activity increased several folds in AAV9-Naglutreated MPSIIIB mice; an average of 800% of wild-type levels was documented in males ( The restoration of peripheral enzyme activity led to complete normalization of pathological accumulation of GAGs in liver, spleen, heart and lung 3 months after gene transfer in both genders ( Fig. 6C and Supplementary Material, Fig. S9C) . A substantial reduction of GAGs was achieved in the urinary bladder (∼70 and 55% for treated MPSIIIB males and females when compared with MPSIIIB Null-treated littermates), while a partial reduction of GAG content (∼65% in males and ∼20% in females) was observed in the kidney (Fig. 6C and Supplementary Material, Fig. S9C ), an organ known to be refractory to cross-correction (18,25,26,50,55). (Fig. 6D ) and females (data not shown). The study of liver ultrastructure by TEM confirmed the disappearance of storage vacuoles from the cytoplasm of treated MPSIIIB cells (Fig. 7A and  Supplementary Material, Fig. S9D, right panels) . Conversely, hepatocytes of MPSIIIB animals administered with non-therapeutic vector remained loaded with a large number of small electroluscent vacuoles (Fig. 7A and Supplementary Material, Fig. S9D , middle panels).
As observed in CNS, the clearance of storage material from the lysosomal compartment led to restoration of the activity of other lysosomal enzymes. In liver of untreated or Null-treated male and female MPSIIIB mice, the activities of α-iduronidase (IDUA), iduronate 2-sulphatase (IDS), SGSH, GUSB and HEXB were altered ( Fig. 7B and Supplementary Material, Fig. S9E ). Three months following AAV9-mediated NAGLU gene transfer, the activity of all these enzymes returned to normal levels in both genders ( Fig. 7B and Supplementary Material, Fig. S9E ), further supporting the concept that CSF gene transfer of NAGLU can reverse disease phenotype also in peripheral organs.
Intra-CSF AAV9-Naglu therapy restores normal behaviour and survival of MPSIIIB animals
At treatment, MPSIIIB mice already show behavioural deficits in the Open-Field test (Supplementary Material, Fig. S2 ). At 5 months of age, MPSIIIB animals naïve to the test either untreated or Null-vector injected took longer to enter the centre of the arena for the first time and subsequently did so less frequently than wild-types, spending more time at the border of the field and avoiding the central zone of the arena, which is the most anxiogenic zone (Fig. 8A) . Untreated MPSIIIB animals also spent more time resting, travelled less distance and crossed fewer lines of the arena than wild-type aged-matched littermates, evidencing reduced exploratory and locomotor activity (Fig. 8A and  Supplementary Material, Fig. S11A ). The administration of NAGLU-encoding AAV9 vectors to the CSF of MPSIIIB mice led to the restoration of normal behaviour in both genders (Fig. 8A  and Supplementary Material, Fig. S11A ). No statistical differences were observed in any of the parameters measured between wildtype and NAGLU vector-treated MPSIIIB mice. Altogether, these observations indicate that under the experimental conditions of this study the intra-CSF delivery of AAV9-Naglu vectors is capable of reversing the cognitive changes induced by MPSIIIB disease. Figure 6 . Effect of intra-CSF delivery of AAV9-Naglu on somatic pathology. (A) Liver and (B) serum NAGLU activity measured at 5 months of age in WT, untreated MPSIIIB or MPSIIIB males administered in the cisterna magna with AAV9-Null or AAV9-Naglu vectors. The levels of activity achieved in liver and serum were very similar suggesting that the liver is the main source of circulating enzyme. Activity is expressed as % of WT activity, which was set to 100%. (C) Quantification of GAG content in somatic organs in all experimental groups. Results are depicted as mean ± SEM. n = 5 animals/group. *P < 0.05, **P < 0.01 and ***P < 0.001 versus AAV9-Null; # P < 0.05 versus WT. ND, nondetectable. (D) Immunostaining against the lysosomal-associated protein LAMP1 in liver, heart, lung and urinary bladder from WT, Null-treated (AAV9-Null) or Naglutreated MPSIIIB (AAV9-Naglu) male mice 3 months after vector delivery. Scale bars, 50 μm.
Finally, we assessed the impact of intra-CSF AAV9-Naglu vector administration on animal survival as a measure of functional correction. Untreated or Null-treated MPSIIIB males showed a median survival of 14 and 13.9 months, respectively, all animals being dead by 17 months (Fig. 8B) . Untreated or Null-treated MPSIIIB females lived slightly less, with a median survival of 11.7 months for untreated and 11.2 months for Null-injected MPSIIIB (Supplementary Material, Fig. S11B ). All MPSIIIB females that did not receive therapeutic vector were dead by the age of 15 months. MPSIIIB animals receiving AAV9-Naglu vectors lived significantly longer than untreated MPSIIIB mice. Treated males showed a median survival of 21 months (P = 0.0004 versus Nullinjected males), with some animals living up to 29 months (Fig. 8B) . Similarly, treated MPSIIIB females had a median survival of 20.9 months (P < 0.0001) (Supplementary Material, Fig. S11B ). Median survival for healthy male and female littermates was 26.7 and 24.9 months, respectively. The longer lifespan of treated MPSIIIB mice further demonstrates the therapeutic potential of intra-CSF AAV9-Naglu delivery.
Effect of pre-existing immunity on the levels of NAGLU activity in the CSF The presence of neutralizing antibodies (NAbs) in the serum of a large proportion of the human population (56) is a serious limitation to AAV-mediated gene transfer after systemic administration (57-59). However, immunoglobulins are found at lower concentration in the CSF than in circulation due to the existence of the BBB that prevents most plasma proteins from entering the CNS. Although it has been suggested that the BBB is disrupted in patients affected by LSD (60), we have shown that the asymmetrical distribution of anti-AAV NAbs across the BBB of patients suffering from Sanfilippo Syndrome is preserved even in severely affected children (25) . To provide a sensitive readout of the effect of anti-AAV NAbs in the setting of AAV9 gene transfer for MPSIIIB, two adult healthy Beagle dogs (Dogs 1 and 2) were immunized by intravascular injection of 1.2 × 10 12 vg of AAV9-Null vector.
Six weeks after vector delivery Dogs 1 and 2 had NAb titres in serum that ranged from 1:100 to 1:1000 (Fig. 9A) . In contrast, naïve animals (Dogs 3 and 4) had undetectable levels of circulating NAbs (Fig. 9A) . At this time, paired CSF samples were negative for NAbs in all animals (Fig. 9A) . We then administered 6.5 × 10 12 vg of AAV9 vectors encoding for canine NAGLU (AAV9-cNaglu) to the cisterna magna of the four dogs. Upon vector delivery, NAb titres quickly rose in serum of naïve animals (Dogs 3 and 4) to levels similar to those found in pre-immunized dogs (Dogs 1 and 2); in CSF NAbs remained undetectable in all dogs (Fig. 9A ). Periodic sampling of CSF was performed to monitor transgene expression up to 18 weeks. A considerable increase above NAGLU basal activity levels was documented in all dogs, regardless of the presence of circulating NAbs in serum at the time of administration (Fig. 9B) . NAGLU activity reached peak levels approximately 14 days post vector delivery and gradually decreased during the ensuing weeks, reaching stable levels by week 13 (Fig. 9B) . Importantly, the administration of AAV9-cNaglu vectors was well tolerated in both naïve and pre-immunized dogs, and CSF animals/group. **P < 0.01 and ***P < 0.001 versus AAV9-Null.
Human Molecular Genetics, 2015, Vol. 24, No. 7 | 2087 white blood cell counts and total protein levels remained within normal range (Supplementary Material, Table S3 ) in all animals, indicating absence of vector-induced CNS inflammation. Likewise, the periodic monitoring of haematological, biochemical and liver functional parameters always showed values within the normal range in all dogs (data not shown). Together these results demonstrate that intra-CSF delivery of AAV9 vectors is safe and efficient even in the presence of high-titre serum NAbs (>1:1000).
Discussion
Intra-CSF delivery of AAV9-Naglu vectors to treat MPSIIIB MPSIIIB represents a high unmet medical need, as no specific treatment has yet been approved that can modify the natural history of this devastating condition. Gene therapy is an attractive tool for the treatment of LSD caused by deficiencies in secretable lysosomal enzymes in which neither full restoration of normal enzymatic activity nor transduction of all cells of the affected organ are necessary. However, some LSD such as MPSIIIB represent a difficult challenge because the disease's main target organ is the brain and enzymes do not efficiently cross the bloodbrain barrier even if present at very high concentration in circulation. We here report on a novel approach to treat MPSIIIB based on the intra-CSF delivery of AAV9 vectors encoding for NAGLU. Long-term efficacy was documented in a mouse model that recapitulates the human disease at biochemical, histological and functional level and the approach was demonstrated to be scalable and safe in a large animal model. The success of this strategy is partly based on the properties of AAV9, a vector serotype with broad tropism (24, 61) . This, combined with intra-CSF delivery, maximized distribution of the vectors in the main target organ of the disease, the brain, but also transduced somatic organs, allowing for a considerable dose reduction (>8-fold reduction) over systemic delivery to achieve neurological and somatic correction of MPSIIIB (18) . In addition, this route of delivery achieves widespread CNS and PNS transduction (25) with a surgical procedure that is standard practice in paediatric neurosurgery (62), in clear advantage over approaches in which the vector is delivered to the CNS parenchyma at multiple sites (20) .
Efficacy and safety of intra-CSF delivery of AAV9-Naglu vectors
At the doses of AAV9-Naglu vectors used in this study, we achieved very high levels of NAGLU activity in the encephalon of male and female MPSIIIB mice, which mediated complete clearance of excessive GAGs in the CNS. The use of a codon-optimized transgene in combination with the intra-CSF route of delivery allowed levels of NAGLU activity in the brain far superior to those achieved by intravenous administration of the same serotype (18) . Very high levels of circulating enzymatic activity were also documented after CNS-directed delivery of AAV9-Naglu vectors, although at lower levels in MPSIIIB females than in males. This observation can be attributed to androgen-driven differences in the efficiency of liver transduction by AAV vectors in rodents (25, 45, 50, 63) , which do not seem to occur in nonhuman primates (64) . Despite the supraphysiological levels of enzyme achieved in the CNS and periphery, there was no sign of NAGLU-mediated toxicity in treated mice. Indeed, GAG levels were normalized in treated animals, indicating that vector-derived NAGLU only acted on HS that was being metabolized in the lysosome. The fact that lysosomal enzymes are active only at the low pH ( < 5) of the lysosome constitutes an advantageous safety feature in the development of therapeutic approaches for LSD, as in certain cases high levels of circulating enzyme may be desirable to reach hard-to-treat organs, such as kidney, heart valves or bone (26, (65) (66) (67) (68) . Furthermore, when the dose of vector used in the proof-of concept studies in MPSIIIB mice was extrapolated by brain volume to dogs, NAGLU activity measured in the CSF persisted at levels 25-40 folds higher than pre-treatment over the 18-week follow-up period, but all animals remained clinically well and there was no sign of CNS inflammation or peripheral toxicity. Nevertheless, given that preclinical studies in other forms of MPS have demonstrated that levels of circulating enzyme as low as 5% of normal can correct pathological GAG accumulation (66, 67) , further studies to fine-tune the therapeutic dose of AAV9-Naglu are warranted before the translation of our approach to the clinic.
Restoration of normal lysosomal homeostasis by intra-CSF AAV9-Naglu treatment
As scientific understanding of LSDs improved in recent years, it has become evident that lysosomal dysfunction in LSDs goes beyond the simple accumulation of an undergraded substance whose catabolism is blocked due to an enzymatic deficiency. For example, mounting evidence from different animal models of LSD describes the secondary accumulation of unrelated compounds, such as GM2 and GM3 gangliosides or cholesterol in the case of MPSIIIB (27, 33, 69, 70) . Studies at cellular level demonstrate that this secondary storage is located in vesicles different from those that accumulate GAGs (71) suggesting this process is not the direct consequence of abnormal storage but rather the result of a general perturbation of cellular physiology due to lysosomal dysfunction. Lysosomes have now emerged as central organelles that participate in plasma membrane repair, intracellular trafficking, nutrient sensing, phagocytosis, autophagy and innate and adaptive immunity (47, 54) , and they are involved in the pathogenesis of other neurodegenerative diseases besides LSD, such as Alzheimer and Parkinson (72, 73) . The loss of lysosomal homeostasis due to disease elicits an adaptive cellular response that attempts to boost lysosomal function by increasing lysosomal biogenesis and hydrolases activities through binding of the transcription factor TFEB, a master regulator of lysosomal function, to the Coordinated Lysosomal Expression and Regulation (CLEAR) element present in the promoter of a number of genes encoding lysosomal proteins (46) . Indeed, we observed translocation of TFEB to the nucleus of MPSIIIB brain cells demonstrating the activation of this response in MPSIIIB animals. The delivery of NAGLU-coding AAV9 vectors to the CSF of MPSIIIB mice had several effects on the lysosomal compartment. First, by restoring lysosomal NAGLU activity it cleared pathological GAG storage from CNS and somatic organs. Second, it reduced the expansion of the lysosomal compartment, as evidenced by staining with the specific lysosomal markers LIMP2 and LAMP1 in CNS and peripheral tissues, respectively, and by TEM in brain, cerebellum and liver. Finally, NAGLU gene transfer restored the normal levels of activity of several lysosomal enzymes in the brain and liver. The normalization of enzymatic activities that are not directly involved in HS degradation indicates that intra-CSF AAV9-Naglu therapy not only got rid of excessive HS storage but also restored normal lysosomal physiology. In agreement with this, in AAV9-Naglu-treated animals, TFEB localized to the cytoplasm and not the nucleus in brain cells.
Role of microglia in MPSIIIB and effect of intra-CSF AAV9-Naglu delivery
Aside from primary lysosomal dysfunction, our work underscores that another important contributor to MPSIIIB pathology is the activation of brain resident phagocytes, also known as microglial cells. Of the genes identified by microarray analysis as differentially expressed in untreated MPSIIIB mice, the vast majority of them were associated with inflammation and innate immunity. Furthermore, when the same microarray data were subjected to Cell Type Enrichment (CTEN) analysis-a software that assesses the contribution of each cell type to the changes in the transcriptome-the highest score was obtained for microglial cells, indicating that microglial activation was largely responsible for the observed changes in gene expression in untreated MPSIIIB brains. Neuroinflammation is a hallmark of human and animal MPSIIIB (5, 6, 28, 33, 74) , in which an increase in the number and activation status of microglial cells has been described as early as 10 days postnatal (74) . In vitro and in vivo studies have shown that partially catabolized HS can prime the activation of microglial cells through the components of the innate immune system Toll-like receptor 4 (TLR4) and TLR adaptor protein MyD88 (74) . Although HS derivatives might be a primary and early inducer of microglial priming, the fact this activation is attenuated but not completely abolished in TLR4 or MyD88 deficient MPSIIIB mice (74) suggests that as disease progresses other signals released during cell damage/death could contribute to the establishment of chronic inflammatory disease in the MPSIIIB brain. Alternatively, activation of microglial cells may be triggered by factors endogenous to microglial cells. Our TEM analysis of the cortex of MPSIIIB mice suggests that this cell type is subjected to a heavier storage burden than neuronal cells, and the possibility that microglia act as a sink to buffer pathological accumulation in neurons has previously been proposed (71) . Regardless of the activation trigger, microglia appear to play a proinflammatory role in MPS and participate in neurodegeneration through multiple mechanisms such as secretion of molecules that are toxic to neurons or production of reactive oxygen species (30, 33, 54, 74 ). An important finding of our study is that upon treatment with AAV9-Naglu vectors, the expression of the majority of genes associated with microglia was normalized, an observation in agreement with the disappearance of BSI-B4-positive cells from different brain areas and the clearance of large storage vacuoles from the cytoplasm of perineuronal glial cells of the cortex of treated MPSIIIB animals. Our co-localization studies in mice and dogs (25) indicate that AAV9 vectors do not transduce microglial cells when delivered to the CSF. Therefore, the only possible mechanism to explain the extensive correction of lysosomal pathology documented in this cell population is cross-correction, by which non-transduced microglial cells recapture the NAGLU produced by other cells and target it to their lysosomes. The observed treatment-mediated complete resolution of inflammation is at the same time indicating that the causes and consequences of microglial activation are no longer present in the brain of treated animals.
Reversibility of MPSIIIB disease
The high levels of enzymatic activity achieved with intra-CSF AAV9-Naglu therapy mediated full correction of MPSIIIB disease. A significant extension of the expected lifespan was also observed; while untreated or Null-injected animals were all dead by 15-16 months of age, some treated MPSIIIB males and females lived >2 years. However, life expectancy was slightly shorter than for healthy littermates. This observation could be attributed to the fact that we used 2-month-old MPSIIIB animals in our studies, an age considered roughly equivalent to a 12-16-year-oldchild (75) . At this stage of the disease, the cascade of pathological events that are triggered by lysosomal dysfunction have long been initiated (74) . Some of these changes might be completely reversible, as demonstrated here by the observation of full biochemical, histological and functional correction of the disease phenotype, most strikingly with normalization of behavioural deficits that were already present at treatment. Although the progression of MPSIIIB disease may be different in rodents and humans, and the animal model used here has no residual NAGLU activity and could therefore be regarded as an extreme phenotype, our study also suggests that the reversal of certain pathophysiological processes may require earlier intervention. This concept might be of particular relevance in the context of neurodegenerative diseases and is supported by results from a clinical gene therapy study for Leber Congenital Amaurosis that showed that efficacy decreased with the age at treatment (76) .
Impact of pre-existing anti-AAV immunity on intra-CSF AAV9-mediated transduction
The CSF bathes the whole CNS and can distribute substances delivered intrathecally to areas of difficult access. The periodic administration of recombinant α-Iduronidase (Aldurazyme  ® ) and Iduronate-2-sulphatase (Elaprase ® ) to the CSF circumvents the BBB and is indicated in cases of cognitive decline or spinal cord compression in MPSI and II patients (77, 78) . At the moment, the strategy is under preclinical testing for MPSIIIB and is being assayed in the clinic for neurological MPSIIIA (NTC01155778 and NTC01299727, clinicaltrials.gov). Gene therapy provides a way of achieving sustained in situ production of the therapeutic protein after a single administration eliminating the need for periodic lumbar administrations under anaesthesia or the risks associated with the implantation of intrathecal delivery devices (IDD). However, one of the most important limitations to the development of in vivo gene therapies with AAV vectors is the presence of anti-AAV humoral immunity in the majority of the population (56) . In the case of AAV9 vectors, the incidence and titres of anti-AAV9 antibodies are lower than for other commonly used serotypes (56) . In addition, the target population in MPSIIIB is paediatric and children tend to have lower antibody titres than adults (79, 80 ). Yet, the evidence showing that very low titres of NAbs are sufficient to completely block transduction upon systemic administration (57) (58) (59) highlights the need for the careful evaluation of CNS transduction in animals with pre-existing immunity. Anti-AAV NAbs seem to have only a marginal effect on CNS transduction via the CSF, although studies previously performed in large seropositive animals utilized GFP, a non-secreted transgene (25, 81) making it difficult to evaluate the impact of anti-AAV antibodies on the CSF levels of therapeutic proteins. Therefore, an important finding of our study is that a single intra-CSF administration of NAGLU-encoding vectors led to detection of active enzyme in the CSF of dogs with pre-existing immunity at levels that were indistinguishable from those achieved in naïve dogs, and this is a clear advantage over approaches based on systemic delivery of vectors. Furthermore, the fact that dogs with high-titre serum NAbs (>1:1000) had undetectable levels of NAbs in the CSF opens the possibility for readministration of vector to this compartment. Even though CNS efficacy is not lost following vector delivery to the CSF in animals with circulating anti-AAV NAbs, transduction of somatic organs is completely abolished (25) . A combined therapy based on gene delivery to treat CNS disease and ERT to treat systemic pathology can be envisioned as a therapeutic alternative for patients seropositive for anti-AAV9 antibodies.
Concluding remarks
In summary, the present work provides strong evidence supporting the use of AAV9 vectors encoding for NAGLU delivered to the CSF as a therapeutic strategy for MPSIIIB. The administration of the therapeutic vector to MPSIIIB mice at an age at which animals already show behavioural impairment resulted in restoration of enzymatic activity, normalization of GAG content and lysosomal physiology and eradication of neuroinflammation from the CNS of treated mice of both genders. In addition, the passage of vectors to the circulation and the subsequent transduction of the liver resulted in correction of peripheral disease. Treated animals behaved normally and lived significantly longer than untreated littermates demonstrating the efficacy of the therapy. Moreover, studies conducted in large animals indicate that this efficacy, at least at CNS level, would not be lost if the therapeutic vector is administered to individuals with pre-existing immunity against AAV9.
Materials and Methods
Animals
Congenic C57Bl/6 mice carrying a targeted mutation in the Naglu gene were used. Affected MPSIIIB and healthy littermates were bred from heterozygous founders (The Jackson Laboratory, MA, USA). Genotyping was performed by PCR following provider's instructions. Mice were fed ad libitum with standard diet (HarlanTeklad) and maintained under light-dark cycle of 12 h. Male healthy Beagle dogs (Isoquimen, Spain) were fed individually once daily at 9:00 AM with 30 g/kg body weight standard dry food (Elite Nutrition, Nestle).
AAV vector production and administration
AAV expression cassettes were generated by cloning the optimized coding sequence of murine or canine N-acetylglucosaminidase, alpha (GeneArt; Life Technologies) under the control of the ubiquitous CAG promoter (hybrid of chicken β-actin promoter and CMV enhancer) into single-stranded AAV backbone plasmids. Vectors were produced by optimized triple transfection protocol (82) . Delivery of vectors to mice and dogs was performed as previously described (25) . Mice were dosed with the same number of vector genomes/mouse irrespective of gender or body weight. The dose used in dogs was escalated from mice based on brain volume (83, 84) . All experimental procedures were approved by the Ethics Committee for Animal and Human Experimentation of Universitat Autònoma de Barcelona.
Activity of lysosomal enzymes
Mice were anaesthetized with Ketamine and Xylazine (100 and 10 mg/kg, respectively), blood was extracted by cardiac puncture, and animals were intracardiacally perfused with 12 ml of PBS to clear blood from tissues. Brain and liver samples were sonicated in 500 µl water and enzyme activities were determined in supernatants using 4-methylumbelliferone-derived fluorogenic substrates. NAGLU activity was assayed as previously described (85) . Briefly, 30 µg of tissue protein extract, or 10 µl of serum or canine CSF, were incubated with 2.5 nmol/l 4-methylumbelliferyl-α--N-acetyl-glucosaminide (MU-αGlcNAc, Moscerdam Substrates) for 3 h at 37°C. IDUA activity was measured in 15 µg of protein incubated for 1 h at 37°C with 4-methylumbelliferyl α--iduronide (Glycosynth). For IDS activity, 15 µg of protein were first incubated with 4-methylumbelliferyl-α--iduronide-2-sulphate (Moscerdam Substrates) for 4 h at 37°C, followed by a second 24 h incubation at 37°C with a pool of lysosomal enzymes from bovine testis (LEBT-M2, Moscerdam Substrates). SGSH activity was measured as previously described (25) . For GUSB activity, 10 µg of protein were incubated with 4-methylumbelliferyl-β--glucuronide (Sigma) at 37°C for 1 h. HEXB activity was assayed by incubation of 0.1 µg of protein with 4-methylumbelliferyl N-acetyl-β--glucosaminide (Sigma) for 1 h at 37°C. After stopping reactions by increasing the pH, released fluorescence was measured with FLx800 fluorimeter (BioTek Instruments). All enzyme activities were normalized against volume of CSF or serum, or against total protein content quantified by Bradford (Bio-Rad).
GAG quantification
Tissues were digested overnight with proteinase K (0.2 mg/ml) and extracts were clarified by centrifugation and filtration with 0.22 μm microporus membrane-containing filters (Ultrafree MC, Millipore). GAGs were measured with a commercially available kit (Biocolor). Chondroitin 4-sulphate was used as standard and values were normalized to wet tissue weight.
Histology and electron microscopy
Tissues were fixed in formalin, embedded in paraffin, sectioned in 4-6 μm slices and incubated overnight at 4°C with the following primary antibodies: rat anti-LAMP1 (SC-1992, Santa Cruz Biotechnology), rabbit anti-LIMP2 (NB400, Novus Biologicals), rabbit anti-GFAP (Z0334, Dako Cytomation), mouse anti-NeuN (MAB377, Millipore), goat anti-Iba1 (ab5076, Abcam), goat anti-GFP (ab6673, Abcam), chicken anti-GFP (ab13970, Abcam) and goat anti-TFEB (ab2636, Abcam) antibodies. Staining with peroxidase-conjugated BSI-B4 lectin was used to detect microglia (L5391, Sigma). Biotinylated rabbit anti-rat IgG (E0467, Dako), Donkey Anti-Chicken IgY H&L (FITC) (ab63507, Abcam) or biotinylated goat anti-rabbit IgG (31820, Vector Laboratories) were used as secondary antibodies. Sections were stained with 3,3-diaminobenzidine (Sigma) and counterstained with haematoxylin. When required, nuclei were counterstained with Hoechst (B2261, Sigma). Images were obtained with an Eclipse 90i optical microscope (Nikon) or a confocal microscope (Leyca Microsystems). LIMP2, GFAP and BSI-B4 signals were quantified with the NIS-Elements Advanced Research 2.20 software in 3-5 ×20 images/animal of each brain region using the same signal threshold settings for all animals. The percentage area of each image that had positive signal was then calculated. Samples for transmission electron microscopy were processed as previously described (50) and analysed with a Hitachi H-7000 transmission electron microscope (Hitachi).
Vector biodistribution
Tissues were digested overnight in Proteinase K (0.2 mg/ml) and total DNA was isolated with MasterPureDNA Purification Kit (Epicentre Biotechnologies). Vector genome copy numbers were determined in triplicates in 20 ng of DNA by qPCR with primers and probe specific for optimized murine Naglu coding sequence, which do not recognize endogenous Naglu. Forward primer: 5′-GCC GAG GCC CAG TTC TAC-3′; reverse primer: 5′-TTG GCG TAG TCC AGG ATG TTG-3′; probe: 5′-AGC AGA ACA GCA GAT ACC AGA TCA CCC-3′. Vgs/sample were interpolated from a standard curve built by serial dilutions of a linearized plasmid bearing optimized murine NAGLU expression cassette spiked into 20 ng of non-transduced genomic DNA.
Transcriptomic analysis
Half mouse brain (∼250 mg) was mechanically homogenized and total RNA was isolated with mirVana™ (Ambion, Life Technologies 
Neutralizing antibodies
NAb titres were determined in paired CSF and serum samples from dogs using an in vitro neutralization assay previously described (57) . Briefly, 2V6.11 cells (ATCC), which express the adenoviral gene E4 under the control of an inducible promoter, were seeded in a 96-well plate at a density of 1.25 × 10 4 cells/ well and ponasterone A at 1 mg/ml (Invitrogen) was added to the medium to induce E4 expression. Serial dilutions of heatinactivated test serum were mixed with medium containing a self-complementary AAV9 vector carrying the Renilla luciferase reporter gene under the control of the chicken β-actin promoter.
Residual activity of the reporter transgene was measured using a luminometer.
Open-field test
Animals were placed in the lower left corner of a brightly lit chamber (41 × 41 × 30 cm). The surface of the arena was divided in three concentric squares: centre (14 × 14 cm), periphery (27 × 27 cm) and border (41 × 41 cm). Exploratory behaviour and general activity were recorded during the first two minutes using a video-tracking system (Smart Junior, Panlab). The test was always performed at the same time of day (9:00 am to 1:00 pm) to minimize influence of circadian cycles.
Statistical analysis
All results are expressed as mean ± SEM. Statistical comparisons were made using one-way analysis of variance (ANOVA) and multiple comparisons between control and treatment groups were made using the Dunnett post-test. Statistical significance was considered if P < 0.05. Kaplan-Meier curves were used to estimate survival and the log-rank test was used for comparisons.
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